The present study examines BPA pharmacokinetics in neonatal rats following s.c. injection or oral delivery of 10g BPA/kg BW and compares susceptibility to estrogen-induced prostate intraepithelial neoplasia (PIN) following either exposure route. Serum BPA in PND3 rats was measured using HPLC-MS-MS. Free and total BPA at C max were 1.77 and 2.0 ng/ml, respectively following injection and 0.26 and 1.02 ng/ml, respectively following oral exposure. The AUC 0-2 for free and total BPA was 4.1-fold and 1.8-fold greater, respectively, in s.c. versus oral delivery. While exposure route affected BPA metabolism, internal dosimetry following s.c. injection of 10g BPA/kg BW is similar to BPA levels observed in humans. Prostates from aged rats given s.c. or oral BPA neonatally and T+E implants as adults exhibited nearly identical, heightened susceptibility to PIN incidence and score as compared to neonatal oil-controls. These findings on prostate health are directly relevant to humans at current BPA exposure levels.
INTRODUCTION
Bisphenol A (BPA) is a high volume (> 3 million tons/year) synthetic monomer used in the production of polycarbonate plastics, epoxy resins that line food and beverage cans, and innumerous common household and consumer products [http:
www.bisphenol-a.org 2007]. Although polymeric forms are relatively stable, watersoluble BPA monomers are released when exposed to heat, acidic pH, after repeated use and over time, leaching into consumable liquids and foods and bioaccumulating in environments worldwide [1] [2] [3] 4 ] . Consequently, the majority of humans tested (>93%) have detectable levels of BPA in their system [5, 6] with highest levels found in infants and children [7] [8] [9] [10] . Since BPA is rapidly metabolized and excreted with a half-life < 6 hours, this indicates that humans are being continuously exposed to BPA [11] .
Health concerns regarding human exposures to BPA stem from its estrogenic properties. While affinity for nuclear estrogen receptors (ER and ER) is low relative to natural estradiol [12] , BPA has activational capacity equivalent to estradiol for membrane associated ERs [13, 14] and can rapidly activate membrane-initiated ER signaling at low doses [15] . While the topic remains highly controversial, there is a growing body of evidence that BPA has adverse effects on multiple hormone responsive tissues at environmentally relevant doses [16] . It is of particular note that the majority of low-dose BPA effects have been observed during the developmental period when sensitive organs are most susceptible to reprogramming by steroidal exposures.
Estrogens play a physiologic role during normal prostate gland development and inappropriate levels or timing of estrogenic exposures during early life can reprogram the gland and predispose to prostate neoplasia with aging [17] [18] [19] . In 2006, our laboratory was the first to demonstrate that transient, early-life exposure to BPA at lowdoses increased susceptibility to adult-onset precancerous lesions and hormonal carcinogenesis. Specifically, subcutaneous (s.c.) injection of BPA at 10 g/kg BW to neonatal Sprague-Dawley (SD) rats on postnatal days (PND) 1, 3 and 5 significantly increased the incidence and score of adult estrogen-induced prostate intraepithelial neoplasia (PIN), the precursor lesion for prostate cancer, as to compared to control rats [20] . This model of heightened sensitivity to hormonal carcinogenesis is highly relevant to humans in that relative estradiol levels increase in the aging male and may contribute to prostate disease risk [21] . Furthermore, our study identified an epigenetic underpinning for early life reprogramming by BPA with multiple genes exhibiting life-long alterations in DNA methylation patterns and gene transcription. In 2008, the National Toxicology Program (NTP) released a report that concluded there is "some concern for BPA exposure in fetuses, infants and children at current human exposures based on effects in the prostate gland" [16] , based in part on this work with our rat model. More recently, the FDA adopted these concerns by the NTP and called for further studies to provide additional information and clarify present uncertainties about the risks of BPA.
A number of valid issues were raised by the NTP with regards to our initial studies on BPA effects on the prostate gland. Among them was the s. c. route of exposure that was employed and the inherent differences in BPA metabolism in rodents and humans, both of which may affect the internal dosimetry of the free, biologically active form of BPA. It is currently believed that the majority of BPA intake in humans occurs through oral ingestion and is thus subjected to hepatic first-pass metabolism, also referred to as presystemic Phase II metabolism [22] . In adults, free BPA is rapidly metabolized through glucuronidation to an inactive form by the liver detoxifying enzyme UDP-glucuronosyltransferase isoform, UGT2B1 [23] . Since UGT2B1 is highly efficient, ~99% of orally ingested BPA by adults is metabolized to BPA-glucuronide prior to entry into the general circulation [22] . In contrast, BPA delivery via s.c. injection will enter the circulation prior to liver glucuronidation, thus initial exposure levels of free BPA by this route may be markedly higher than current human circulating levels. This must be taken into consideration when evaluating BPA toxicity and its relevance to human health. However, it is also known that liver UGT2B1 expression is absent during fetal life in rats and is low during the immediate neonatal period [24] , thus it is possible that BPA exposures through the oral versus s.c. injection route may result in circulating free BPA levels that are not dissimilar from one another.
Another issue that has been raised is the species difference in BPA metabolism between rodents and humans with rodents having a slower clearance rate as well as deconjugation of bound BPA by gut -glucuronidases and enterohepatic recirculation [16] . Based on this fact, it has been argued that adverse effects observed in rodent models may not be relevant for human diseases [16, 22, 25] . Ideally, animal studies used to evaluate the potential health effects of BPA should be designed so that internal levels of free BPA are similar between the model system employed and that observed in human circulation.
In this context, the objectives of the present study were threefold. First, we sought to determine the internal dosimetry of total and free BPA levels in neonatal male SD rat sera immediately following s.c. injection of 10 g BPA/kg BW as used in our prior studies so that they can be directly compared to values currently observed in the human population. Second, we aimed to compare the internal BPA levels after s.c. injection to those following oral exposure at the same applied dosage in matched littermates.
Finally, we wanted to directly compare the prostate lesions observed at 7 months of age after a 16 week exposure to androgen-supported, elevated estradiol in rats neonatally treated with vehicle, oral or s.c. injection of 10 g BPA/kg BW. Our findings reveal significant differences in internal free BPA levels between the two routes of exposure; however, the s.c. injection of a BPA depot delivers free BPA levels similar to those reported in multiple studies for the human fetus and newborn males [11] . Furthermore, elevations in estrogen-driven PIN incidence and score are observed in the ventral and lateral rat prostate lobes following neonatal BPA treatments irrespective of route of exposure. Together, these findings support the relevance of our rat model for developmental BPA exposures to human potential prostate health risks as a function of early-life BPA exposures.
MATERIALS and METHODS

Animals
All animal treatments were approved by the Animal Use Committee at UIC.
Sprague Dawley rats (Hsd:SD TM ) were purchased from Harlan Industries, Inc.
(Indianapolis, IN). It is noteworthy that SD rats used in previous BPA studies from our laboratories [20] we examined BPA pharmacokinetics in PND 3 male rats as a mid-point to evaluate free (active) and total (free + glucuronidated) BPA levels following oral versus s.c. injection of 10 g/kg BW, the dose employed in our earlier studies [20] . The experimental design is schematized in Figure 1A . Powdered BPA, obtained from the National Toxicology
Program for common use in all NIEHS-funded BPA studies, was dissolved in 95% ethanol (EtOH) and solubilized in -tocopherol stripped corn oil (MP Biomedicals LLC, Solon, OH) at a final administered concentration of 10 g/ml (0.02% final EtOH volume).
Solutions were made and stored using glass containers and any plastic products used for the collection and storage of blood and sera samples were polypropylene. Twenty pregnant rats were used to obtain 180 male pups for use in this study with males from each litter evenly divided between the two routes of BPA exposure. On PND 3, each pup was weighed and a precise volume of BPA solution from the same preparation was calculated for accurate delivery of 10 g/kg BW to each pup via either the s.c. or oral route. Oral BPA exposure was performed through gentle feeding with a pipette tip to the neonatal rats which readily drank the solution. The s.c. injection of BPA was made using a glass Hamilton #705 microliter syringe (Hamilton Co., Reno, NV) with a 26 G needle to deliver a ~ 8-10 l depot in the nape of the neck. The puncture site was held with gentle pressure for 60 sec to prevent leakage. Pups were killed by decapitation at 0.5, 1 and 2 hr after dosing and blood was collected and serum separated using a
Microvette Capillary Blood Collection System (Sarstedt, Newton, SC). Sera from 8-10 pups at each time point and route of exposure were pooled and frozen at -80°C until BPA analysis within 6 weeks from collection. Three to five separate sample pools at each time point for both oral and injection exposure routes were used for BPA quantitation.
BPA Analytical method:
After thawing at room temperature, sera from each pool was separated into two 500 l aliquots by transfer into two 15 ml polypropylene tubes with 5 ng of deuteratedbisphenol A (d-BPA) added as an internal standard. One aliquot was used for measurement of freely available BPA (active) and the other for analysis of free plus glucuronidated-BPA, the main bound form of BPA in serum (inactive). For free BPA analysis, 3 ml of ethyl ether was added to the samples, shaken for 30 min in an orbital
shaker, centrifuged at 4000 rpm for 5 min and the ethyl ether layer was transferred to a clean polypropylene tube using glass pipettes. Extraction from the residue was repeated twice more and the ethyl ether layers combined, concentrated to near-dryness under a gentle stream of nitrogen and reconstituted with 0.5 ml of methanol. For total BPA analysis, (free + glucuronidated form), the second serum aliquot from each sample was directly digested with 1 ml of glucuronidase (2 l /ml) at 37ºC for 12 hours followed by extraction with ethyl ether 3 times as described above. The final extracts were concentrated and the solvent reconstituted with 0.5 ml of methanol. Standards of BPA used for calibration were also prepared in methanol.
BPA levels in samples were quantified using high-performance liquid chromatography (HPLC) coupled with API 2000 electrospray triple-quadrupole mass spectrometer (ESI-MS/MS) as previously described [26] with minor modifications.
Analyte separation and detection were carried out using an Agilent 1100 series HPLC 
Prostatic Response to Neonatal BPA following Oral vs Subcutaneous Injection Exposures
Newborn male pups were assigned to one of three neonatal treatment groups . These T+E capsule lengths result in testosterone at 1.72  0.14 ng/ml (i.e. normal T levels for aging male rats) and estradiol-17 at 164  58 pg/ml serum (mean  SEM) which is 3-fold higher than normal estradiol levels in our untreated aging male rats. Previous studies have shown a 25-45% PIN incidence in the separate prostate lobes of Sprague-Dawley rats following a 16 week T+E exposure in adulthood [20, 27] . At 28 weeks of age, the animals were sacrificed by decapitation and the prostatic-urethral complex was removed in total, fixed in methacarn (BBC Biochemical, Mt Vernon, WA) for 48-72 hr, rinsed and stored in 70% EtOH until histological processing.
Histopathology:
The fixed prostatic tissues were dehydrated through an ascending series of 70- without aberrant cellular piling and ductal formation [28] . Regions of aberrant cell piling and cribiform pattern without nuclear atypia were scored as atypical hyperplasia. PIN lesions were graded on a scale of 0-3 with 0= no atypia, 1= low-grade PIN, 2= focal high-grade PIN (HGPIN) and 3= extensive HGPIN. For PIN lesions, the incidence and the mean PIN score per treatment group were determined. Incidences of the separate prostate lesions in each lobe were analyzed by Chi-square and PIN scores were analyzed by ANOVA followed by Fischer's exact test with significance accepted at P<0.05.
RESULTS
BPA pharmacokinetics in neonatal rats: oral vs subcutaneous exposure
Since previous studies from our laboratory had shown prostate gland reprogramming and increased carcinogenic susceptibility following a s.c. injection of 10
g BPA/kg BW on PND 1, 3 and 5, we determined the levels of free BPA and total BPA (free+ glucuronidated) in the serum immediately following this exposure as a direct measure of circulating BPA available to the tissues in our animal model. A total of 90 PND 3 male rats were given a single s.c. injection of 10 g BPA/kg BW and blood was collected at 0.5, 1 and 2 hr (n=30/time point). Serum concentrations of free and total BPA over time are shown in Figure 1B and pharmacokinetic parameters are provided in Table 1 . C max levels seen at 0.5 hr were 1.77 and 2.00 ng/ml for free and total BPA, respectively. At this early time point, 88% of total BPA was in the free bioavailable form.
Levels of free BPA dropped quickly to 0.70 and 0.54 ng/ml at 1 hr and 2 hr, respectively, constituting 52% and 31% of total BPA respectively. Unlike free BPA levels, the total BPA level declined at 1 hr and rose at 2 hr to levels similar to those observed at 0.5 hr.
For direct comparison of BPA levels after s.c. injection to concentrations attained after oral administration, littermates were exposed to the same BPA oil-based solution via the oral route. Serum levels of free BPA reached a C max at 0.5 hr of 0.26 ng/ml while total BPA C max was reached at 1 hr at 1.02 ng/ml ( Figure 1C and Table 1 ). Both free and total BPA levels held relatively constant over the first 2 hours after oral exposure. Free BPA constituted 29, 21 and 31% of total BPA levels at 0.5, 1 and 2 hr, respectively which supports first-pass metabolism following oral exposure, albeit at levels markedly lower than the adult rat [29, 30] .
Comparison of circulating free and total BPA levels between the two routes of exposure are shown in Figure 1 D and E, respectively. Since the s.c. injection route resulted in an initial peak of free BPA that was not seen after oral exposure, there was an initial 7-fold higher level of bioavailable BPA in the s.c. injected rats compared to orally exposed rats (P<0.05). However, this bolus was rapidly metabolized and the difference in serum free BPA levels at 1 and 2 hr were not statistically different between the two groups. Overall, the AUC 0-2 for free BPA during the first 2 hrs after exposure was 4.14-fold higher in the s.c. injected pups as compared to the orally fed pups.
Interestingly, total BPA levels were relatively similar following the two different exposure routes with AUC 0-2 values 1.8-fold greater in the s.c. injection pups as compared to the orally fed pups.
It is important to note that the LC-MS-MS methodology and laboratory procedures employed for BPA measurements in the present study have undergone a rigorous quality control process that includes d-BPA recovery in each sample with recovery corrections for final values, recovery of native BPA spiked in test sample matrix, and procedural blanks that showed trace BPA levels < 0.01 ng/ml. Furthermore, robust analysis has demonstrated the lack of background BPA contamination from products used for blood collection, sera storage and instrumentation used for HPLCtandem MS [26] . Thus suggestions that reported values may be a result of procedural noise or product contamination will not be applicable to the current dataset.
Prostatic response to neonatal BPA: Oral versus subcutaneous exposure
Male rats neonatally exposed to 10 g BPA/kg BW through either s.c. injection or oral exposure on PND 1, 3 and 5 were evaluated for their susceptibility to prostatic lesions induced by 16 weeks of adult exposure to a constant, physiologic level of testosterone and 3-fold elevation in circulating estradiol-17. The ventral (VP), lateral (LP) and dorsal (DP) prostate lobes were histologically assessed in a blinded manner at 7 months of age for the presence of PIN, atypical hyperplasia, epithelial hyperplasia and inflammatory cell infiltration ( Figure 3 ) and incidence rates are presented in Table 2 .
The PIN lesions were scored on a scale of 0 to 3 as described in Methods and average PIN scores were calculated for each lobe and treatment ( Figure 2B ). T+E treatment to adult rats given oil neonatally (controls) exhibited PIN, hyperplasia and inflammatory cell infiltration with incidence varying between the separate lobes. As previous observed [20] , the LP was the most sensitive lobe to adult T+E with high incidence of PIN (64%), hyperplasia (59-70%) and inflammation (47%). Similar to our previous study, the VP exhibited the least sensitivity to adult hormone exposure with incidence of 18% PIN, 12-35% hyperplasia and 18% inflammatory cell infiltration. Average PIN scores in the neonatal-oil, adult T+E rats were 0.15 in VP, 1.47 in LP and 0.67 in DP.
Rats treated neonatally with BPA by either route of exposure exhibited nearly identical, augmented responses to T+E induced prostate lesions ( Figure 2B , Figure 3 and Table 2 ). In the VP, mean PIN scores rose from 0.15 in oil-controls to 0.55 and 0.50 in neonatal BPA-treated rats via s.c. injection and oral exposure, respectively (P<0.05).
While the incidence of PIN, atypical hyperplasia and epithelial hyperplasia increased in the VP in response to neonatal BPA as compared to vehicle-treated controls, the difference reached significance only for epithelial hyperplasia which rose to 70% (P<0.01). Examples of adenoma formation due to extensive cribiform patterning and epithelial hyperplasia in the VP are shown in Figure 3 D and F as compared to normal regions in control VPs ( Figure 3B ). In the LP, PIN scores rose from 1.47 in oil controls to 2.19 and 2.20 in the s.c. injection and oral BPA exposed rats, respectively (P<0.05) while the PIN incidence rose from 64% in control rats to 100% and 90% in the same BPA treated rats, respectively (P<0.02) ( Figure 3A , C, E). While there was no effect of BPA on atypical hyperplasia or epithelial hyperplasia over that seen with neonatal oil, there was a marked increase (P<0.05) in the incidence of inflammatory cell infiltration in the LP, primarily stromal T-cells and intraluminal neutrophils (Figure 3 G-H) . It deserves mention that the PIN lesions in the present study were scored separate from inflammatory reaction of epithelial cells typically observed in the immediate vicinity of immune cells. Although the DP exhibited a similar trend in PIN scores and incidence as a function of neonatal BPA treatment, the effects in the DP were not statistically significant for any parameter.
DISCUSSION
BPA pharmacokinetics following subcutaneous and oral exposures in the neonatal SD TM male rat
Our previous studies provided evidence for a direct link between developmental low-dose BPA exposure and heightened susceptibility to prostate carcinogenesis with aging [20] . In order to use that toxicity data for informed decisions regarding potential risks in humans, it is essential to determine the internal BPA dosimetry in our animal model. Using a highly sensitive, validated LC-MS-MS analytical method [26] with improved sensitivity, the present findings establish the internal exposure to free (bioactive) BPA and total BPA during the first two hours following s.c. BPA delivery in our neonatal SD rats and directly compare these values to internal doses following an equivalent BPA exposure through the oral route. Following s.c. injection of a BPA-oil depot, as performed in our laboratory at a dose of 10 g/kg BW, a C max of 1.77 ng/ml of free BPA is observed at 0.5 hr which rapidly falls to 0.54 ng/ml at 2 hr. Although the subcutaneous route is not the typical manner in which humans are exposed to BPA, the final internal dosimetry determines biological effectiveness. Importantly, this transient internal dose of free BPA following s.c. exposure is within the range of chronic internal BPA levels reported for humans from routine environmental exposure including sera of pregnant women and children, amniotic fluid, fetal tissues and breast milk [9, 11, 26, [31] [32] [33] . Thus the present results provide support that our previous and current findings on BPA and prostate health are directly relevant to the human population with regards to current exposure levels.
Analysis of pharmacokinetic data following s.c. injection of BPA at 10 g/kg BW shows that at 0.5 hr, 88% of total BPA is in the free, unconjugated form which confirms that the s.c. route bypasses hepatic first-pass metabolism at this early age. The % free BPA rapidly decreases to 31% by 2 hr indicating that BPA entering the circulation by a non-oral route is glucuronidated by UGT2B1 expressed in the neonatal liver, albeit at rates that are markedly lower than observed in the adult rat [30, 34] . In contrast to free BPA, total BPA levels remain relatively constant over the first two hours postdosing which may reflect the slow release of BPA from the subcutaneous oil depot in the nape of the neck over time. In addition, this may reflect enterohepatic recirculation and glucuronidation of bound BPA that was deconjugated by gut glucouronidases, as has been reported to occur in rats [16] .
The BPA pharmacokinetics were markedly different when exposed through the oral route in neonatal male rats. Free BPA did not peak at 0.5 hr resulting in a 7-fold lower initial C max at 0.26 ng/ml as compared to the s.c. route. The free BPA level was 29% of total BPA at 0.5 hr which confirms glucuronidation at this early age as a result of hepatic first-pass metabolism by UGT2B1 [34] . Interestingly, the free and total BPA remained relatively constant during the first 2 hours postdosing by the oral route which may be a result of slow release and absorption of BPA from the oil-based solution in the G-I tract. It is noteworthy that the % free BPA remains at 31% at 2 hr which is the same level seen following s.c. injection at 2 hr and suggests an equilibrium between free and bound at this early time point regardless of exposure route which may be a reflection of immaturity in enzymatic capacities in the liver and gut. It has been established that UGT2B1 expression and enzymatic activity is lower at PND3 in rats and does not reach adult capacity until PND21 [29, 34] . Due to differences in metabolism between the two routes of exposure, the AUC 0-2 is 4.1-fold higher for free BPA when the solution is administered s.c as compared to oral exposure. In contrast, total BPA levels are relatively similar for the initial 2 hr post-dosing with the AUC 0-2 1.8-fold higher in the s.c.
route which is not unexpected since both groups received identical amounts of BPA.
The higher total BPA levels in the s.c. route as compared to oral exposure suggests that the entire amount of BPA through the oral route may not have entered the circulation in the neonatal pups but instead been passed through the gut into the feces as has been reported following oral exposures in rats (35) .
The present findings on free and total BPA levels after s.c. and oral routes of exposure are strikingly different from values recently published by Doerge and colleagues [30] and this deserves discussion. In that study, the vast majority of BPA was conjugated at 0.5 hr post-dosing with 6.6% and 20% available as free BPA at C max as compared to 29% and 88% as free BPA herein for oral and s.c. injection exposures, respectively, in PND 3 rats. The % free (or parent) BPA in the present study more closely aligns with the 76% parent BPA at C max following s.c. injection and 8% parent BPA after oral exposure in adult rats, when taking into account the 4-5 fold lower UGT2B1 activity in PND3 rats compared to adults [35] . The C max for free BPA following oral exposure at 100 g/kg BW in the Doerge study was 6.64 ng/ml and if linearity is applicable down to 10 g/kg BW used in our study, the free BPA levels are within 2-fold range of the free BPA values following oral exposure in the present study. The differences in measured levels between the two oral exposure studies lie in the quantitation of total BPA levels which are 10-fold higher in the Doerge study after correcting for dosage differences. The greatest discrepancies between the two studies, however, lie in the levels of BPA achieved following s.c. injection where values for free BPA are 13-fold higher while total BPA values are 58-fold higher in the Doerge study as compared to the present results, after correcting for dosage differences. It is interesting to note that in the Doerge study, the total BPA values following s.c. injection show a 10-fold higher C max and a 6-fold higher AUC compared to oral exposure which is puzzling given that the equivalent BPA doses were administered by each route of exposure. In contrast, there is only a 2-fold difference in total BPA C max and AUC between s.c.
injection and oral exposure in the present study which is similar to a previous 2-fold difference in AUC of plasma total radioactivity following s.c. versus oral delivery of 14 C-BPA in adult rats [35] . While it is clear that BPA absorption varies with route of BPA administration in these and other studies, it is uncertain why the uptake differences show greater divergence in the Doerge study. There are procedural differences between the two studies that may explain some, but not all, of the discrepant findings.
First, in the Doerge study, DMSO was used as a solvent and water as the vehicle for BPA delivery as opposed to EtOH as solvent and oil as vehicle in the present study and BPA release and absorption can differ with these variables [36, 37] . It is possible that relative to an oil depot, BPA is more rapidly released from water resulting in different absorption kinetics, particularly with the s.c. route which would explain the extreme peak after s.c. injection in the Doerge study. While both studies describe the injection route as subcutaneous, ours is delivered under the loose skin in the nape of the neck while Doerge describes their delivery as subcapsular. Thirdly, the doses used were 10-fold higher in the Doerge study and although they observe linearity between 50-200 g/kg BW in adult female rats, metabolism may be alinear at the lower doses and neonatal time points used in our study. Finally, different SD rat substrains were used in the two studies. The SD rats used by Doerge at the NCTR are a closed colony CD-SD rat substrain obtained from Charles River Laboratories in 1972 [38] . This is a critical issue since the Charles River CD  (SD) substrain is well-characterized for metabolic aberrations including obesity, insulin resistance and estrogen insensitivity as a function of trait selection for large litter size (see [39] for detailed review). Large differences between the SD rat substrains have been observed in multiple endocrine studies and it is deserves repeating that since not all SD rats are the same, their lineage must be carefully considered when interpreting data [39] . Further, dramatic rat strain differences in xenobiotic metabolism have been noted including hepatic Phase I (CYPs) and Phase II (UGTs) enzymes that will have a profound effect on xenobiotic metabolism [39] . Thus it is possible that SD substrain differences in metabolic enzymes may be responsible, in part, for the different results observed in the present study that used Hsd:SD TM rats to examine BPA pharmacokinetics.
The present findings show similarities as well as differences from another study that directly compared BPA pharmacokinetics following oral or s.c. injections administration in PND3 female mice [40] . The measured free BPA levels are relatively comparable following oral exposure after calculating for dosage differences between the two studies. Further, total BPA levels were similar between the two routes of exposure in the female mice as was observed herein for male rats. In contrast, the 7-fold higher peak levels of free BPA at 0.5 hr in the s.c. injected rat pups as compared to the oral exposure in our study was not observed in the neonatal mice where free BPA levels were only 1.5-2 fold higher in the injection group during the first hour. These differences may reflect species differences in BPA pharmacokinetics as well as experimental design and methodologies that differ between the studies.
Heightened prostate lobe susceptibility to adult tumorigenesis as a function of oral or s.c. injection of BPA during neonatal period:
Results of the present study confirm our previously reported observation of significantly increased sensitivity to adult estrogen-induced PIN lesions by early-life exposure to an environmentally relevant dose of BPA during the critical neonatal period.
Importantly, we observed no difference in the prostatic responses to 10 g BPA/kg BW when delivered by either the s.c. or oral exposure routes. Since the prostate pathology was scored by an experienced reader who was blinded to the treatment group and tabulated by an independent investigator, the findings represent an unbiased assessment of the prostatic carcinogenic response to adult hormone treatments.
Tissues were scored for the presence and severity of PIN lesions based on nuclear changes that include enlarged size, amorphous shape, hyperchromasia and presence of prominent nucleoli with pathologies confirmed on adjacent sections. While other characteristics were typically observed in PIN regions including aberrant cell piling, cribiform patterning and cytoplasmic vacuoles, nuclear atypia was necessary for a PIN classification. Using this diagnostic criteria, early life exposure to 10 g BPA/kg BW augmented the adult prostatic response to T+E induced lesions irrespective of route of exposure with significantly higher PIN scores in the VP and LP but not DP as compared to controls. It is important to note that our prior study found elevated rates of epithelial cell proliferation and apoptosis in the PIN lesions of rats treated neonatally with BPA and T+E as adults [20] . This is a critical issue since the consensus report from the Mouse Models of Human Cancer Consortium Prostate Biology Committee cites alterations in apoptosis and proliferation within rodent PIN lesions as evidence of a relevant precancerous lesion with similarity to human high-grade PIN lesions, considered the precursor lesions to prostate cancer [28] . Thus we propose that the PIN lesions observed in the neonatal BPA-exposed rat model are relevant precancerous lesions that model human prostate carcinogenesis.
The lobe-specific responses observed herein have a few noteworthy differences from our original studies which may be a function of the different SD lineages used. It is known that closed breeding within the SD strain can cause biological drift that includes alterations in hormone sensitivities [39] . Our previous BPA study used SD rats from Zivic-Miller Laboratories (Pittsburgh, PA) while SD rats from Harlan (Hsd:SD TM ) were used in the present study. The DP response to BPA was less robust in the Harlan
Hsd:SD TM rats than previously observed with Zivic-Miller SD rats leading to elevations in PIN scores in the present study that were not significantly different from oil-treated control rats. In contrast, the LP response to BPA was more robust with Hsd:SD TM rats in terms of PIN scores of greater severity than previously observed. Further, a high incidence of inflammatory cell infiltration was consistently found in the LP in response to BPA, an effect that was not previously observed. Early-life BPA exposure was reported to induce persistent immunological effects including augmented T H 2 cytokine production in adult mice [41] . It is known that chronic inflammatory cell infiltration in the prostate leads to proliferative reactions in the epithelium and is suspected to play a role in the process of carcinogenesis itself [42, 43] . The involvement of the immune axis in BPAtreated rats and the role of inflammatory cells in prostate carcinogenesis is an area of active investigation in several laboratories and the specific interactions between BPA, estradiol, inflammatory responses and prostatic carcinogenesis warrants detailed examination in future studies.
CONCLUSIONS
While the route of BPA exposure affected the initial metabolism of the parent BPA compound in the present study, it is important to keep in mind that the actual serum level of free BPA represents what is biologically available to the developing tissues and is the dose metric most relevant to mechanism of action and human health.
Herein we have identified the internal dosimetry of free, bioactive BPA in neonatal rats which peaks at 1.77 ng/ml at 0.5 hr following s.c. injection of a BPA-oil depot and is similar to agylcone BPA concentrations measured in the developing human fetus and newborn. Thus despite differences in BPA metabolism, clearance and excretion mechanisms that diverge between rodents and humans and despite differences in BPA pharmacokinetics in route of exposure, the s.c. delivery of BPA employed by our laboratory provides an internal dose and tissue bioavailability that models internal human levels. This addresses the NTP-CERHR Panel conclusion that developmental "injection studies, unless proved otherwise, would produce irrelevantly high internal doses of the active parent compound and would tend to produce false positive effects from the point of view of the human oral situation" [16] by demonstrating that early-life delivery of BPA by this route, as used in our studies that show increased susceptibility to prostate carcinogenesis, has direct relevance to BPA levels currently observed in the human population. Furthermore, direct comparison of prostate gland susceptibility to estrogen-induced carcinogenesis following delivery of 10 g/kg BW BPA by s.c. BPA: oral 66% 22% 22% 33% † P < 0.01 vs oil control; * P < 0.02 vs oil control; ** P < 0.05 vs oil control
